This letter argues that gravitational waves, generated in core-collapse of a pre-supernova star, can produce electromagnetic radiation as the wave propagates outside the collapsing core. While the energy of this co-produced electromagnetic radiation is orders of magnitude smaller than the gravitational radiation, the electromagnetic power is shown to be sufficient to re-ignite fusion outside of the iron core. The re-ignition of fusion in the silicon layer of the collapsing star could provide the means to prevent the supernova from stalling. We conclude that this production of electromagnetic radiation via the gravitational wave should be included in computer simulations which model core-collapse supernova.
The important observation of gravitational waves has opened a new window on the Universe and our understanding of astrophysics. The coordinated international and multimessenger observation of a kilonova [1] is a testament to the incredible potential for the future of astrophysics. Equally tantalizing is the unresolved signal above 300 Hz in the kilonova gravitational wave observation and the limitations this presents in understanding astronomical events. The higher frequency detection of gravitational waves above 300 Hz is especially important for multi-messenger studies (via gravitational waves, electromagnetic waves and neutrinos) of core-collapse supernova. However, the explosive mechanism for core-collapse supernova is still not completely understood. The computer simulations of supernova often stall and the virtual star does not explode in a supernova. This problem was well described by Janka [2] , "The long-lasting struggle for robust neutrino-driven explosions, which should prove to be less sensitive to 'details' of the input physics or methods applied, still goes on." This leaves open the possibility that the physics in the current models of core-collapse, which rely heavily on neutrinos to make the star go supernova, might not be complete -there may be additional physical mechanisms involved. The aim of this letter is to propose one such mechanism.
The possibility that neutrino-driven explosion mechanisms are not the only "input physics" driving core-collapse supernova has been seriously considered in [2] . However, the general consensus is that the complementary or alternative mechanisms proposed so far do not contribute to the explosion. One possibility that has not been previously considered is the mechanism of conversion of gravitational waves to electromagnetic radiation following the core-collapse. At the particle/Feynman diagram level the process of graviton-photon scattering, photon creation from gravitons, and graviton creation from photons, was studied at tree level in the 70s by Skobelev [3] . Around the same time Gibbons [4] studied the potenital of gravitation wave backgrounds (many gravitons) to create other classical wave fields (many photons). Gibbons found the following restriction on this conversion process: "Indeed since a 'graviton' presumably in some sense carries lightlike momentum the creation of one or more particles with timelike or lightlike momentum would violate the conservation of momentum unless the created particles were massless and precisely aligned with the momentum of the graviton", with the emphasis added. Gibbons' result had been taken for a long time to imply that production of an electromagnetic wave (photons) from a gravitational wave background (gravitons) was forbidden. However, combining the results of waves is possible, so long as photons are massless and the electromagnetic wave travels in the same direction as the generating gravitational wave. The Feynman diagram calculation of Skobelev indicated that this conversion of gravitons to photons (and in general individual graviton-photon interaction) was so small as to make it unlikely that these processes would be of consequence in any astrophysical process [3] , at least when looking at single photons and single gravitons.
We now give a rough first order calculation of how a gravitational wave (i.e. many gravitons) can give rise to an electromagnetic wave (i.e. many photons). The aim is to show that if there is enough energy in the gravitational wave (i.e. if there are very large number of gravitons) this can compensate for the extreme smallness of the single Feynman diagram process of gravitons going to photons, g + g → γ + γ, as calculated in [3] , and give rise to a physically significant amount of the vacuum produced electromagnetic radiation.
This vacuum produced electromagnetic radiation (i.e. the co-produced radiation) by the gravitational wave background has been shown to be orders of magnitude less than the gravitational wave luminosity [5, 6] . However, if the gravitational wave luminosity is very large, then the power radiated in the electromagnetic counterpart radiation can be large enough to be astrophysically significant, especially since electromagnetic radiation interacts much more strongly with ordinary matter as compared to the gravitational radiation which produced it. In particular we will look at the possible impact this conversion of gravitational wave to electromagnetic wave energy might have on the explosion mechanism in core-collapse supernova (CCSN). In a CCSN it is thought that neutrinos play the main role in driving the supernova explosion. However, numerical simulations which model supernova, and which incorporate only neutrinos as the mechanism behind the explosion, do not explode often enough, especially for larger mass progenitor stars [2] . By carrying out a very rough calculation we show that it is possible that electromagnetic radiation produced by gravitational waves from the core collapse could be an alternative or complementary process to neutrino driven supernova explosions.
We present a rough, order of magnitude calculation of the magnitude of the electromagnetic radiation produced by a gravitational wave background. The equation of motion for the electromagnetic field will be solved for the curved space-time of a gravitational plane wave.
We start with the Lagrange density for an electromagnetic field in the Lorenz gauge which
µ is the polarization. Using this vector potential in L em leads to a scalar-like Lagrange density (2) . Thus the electromagnetic Lagrange density has been reduced to an effectively scalar field form. Placing this scalar field, ϕ(x), in a curved space-time background leads to the fields equation
This is the massless Klein-Gordon equation in a curved background whose metric is g µν .
We will crudely approximate the metric for the gravitational wave propagating out from the core to have the plane wave form
We have set c = 1 and taken the metric to be oscillatory with a(u) = 1 + ε(u) and b(u) = 1 − ε(u) where ε(u) = he iku . Here the gravitational wave strain amplitude is h, k is the wave number, and u = z − t is the standard light front coordinate for waves moving in the +z direction. Substituting the metric (2) in (1) the equation of motion for the scalar field is [7, 8] 
where
The solution to (3) can be shown [7, 8] to be
A and B are normalization constants, p, p v are ϕ-field momenta in the x, y and v = z + t directions and λ = p 2 2pv
. The normalization constants in (4) are set to A = −B = 1, consistent with the normalization of the Newman-Penrose scalars [9] and the required vacuum solution for the fields in the absence of a gravitational wave, h = 0. We now take the vacuum limit of the scalar field in the presence of the gravitational wave i.e. h = 0. We do this by taking the ϕ-field momenta to zero (p, p v , λ → 0). In this vacuum limit of ϕ, we find that the scalar field does not go to zero but rather has the outgoing wave solution [7, 8] 
In the last line we assumed h to be small.
The relationship between the gravitational and electromagnetic luminosity or flux was developed in our previous work [10] using the Newman-Penrose (NP) formalism [9] . The luminosity or flux ratio for the gravitational and electromagnetic radiation in terms of the NP scalars is
, where Φ 2 is the electromagnetic NP scalar and Ψ 4 is the gravitational NP scalar. In [10] it was shown that the scalar field from (5) Collecting all these results gives the electromagnetic flux produced from the gravitational wave, in terms of the known plane wave gravitational parameters as
where f is the gravitational wave frequency. The power for the produced electromagnetic radiation isĖ
is the mean quadrupole wave amplitude [11] which is related to the strain amplitude via h =Ã r . The multiplying constant C = 
The power developed in any region greater than ∆r, outside the inner core, will depend on the number of gravitational wave cycles in that region. The average number of cycles of the gravitational wave outside the inner core is, δ = ∆tf = c∆t λ , where ∆t is the duration of the gravitational wave. The total electromagnetic power produced is then found by going to the limit and integrating over the production distance,
Assuming the production starts at a radius near the core r 0 = r 1 and ends well outside the core r 2 ≫ r 0 , or letting r 2 → ∞, the total electromagnetic power is approximatelẏ
The electromagnetic power in (10) is a rough estimate for the production from a spherically, outward propagating gravitational wave. Since our interest is specifically in corecollapse proceeding a star's explosion we now make some estimate ofĖ tot em for this case. Nominally the values for the the gravitational wave produced by core-collapse can be taken [11] to have duration of ∆t ∼ 100 ms, a mean quadrupole amplitudeÃ ∼ 50 cm, a frequency f ∼ 1 kHz, δ ∼ 100, and an inner core radius of r 0 ∼ 10 km. Substituting these values into (10), the total power isĖ [12, 13] .
While the energy of the electromagnetic radiation produced by the gravitational wave is far too small to contribute directly to shock recovery, the power of the electromagnetic production is still quite large, and is of an order of magnitude which could re-ignite fusion in the star's layers outside the iron core. This re-ignition of fusion could aid in, or be the sole mechanism, for shock recovery in some CCSN.
The fusion power equilibrium rate [14] is on the order of 10 38 erg s and the power of the electromagnetic production can exceed this equilibrium power. If the power of the coproduced electromagnetic radiation is to reignite fusion, it must be outside the collapsing core at a radius on the order of 100 km [12, 15] . Substituting this value in (10) the electromagnetic power outside the collapsing core is 10 40 erg s
. Thus this electromagnetic power produced by the gravitational wave could re-ignite fusion outside the inner core. This would result in "run away" fusion processes similar to models of white dwarf explosion or supernova [16] [17] [18] when the Chandrasekhar limit of 1.4 M ⊙ is exceeded. Since the power produced from (10) is inversely proportional to the production radius the fusion equilibrium power would be exceeded beyond a radius of 1, 000 km and well outside the collapsing core. The timing of this re-ignition would be comparable to the propagation time of gravitational waves in the outer core and contribute energy to the explosion by silicon burning, which can be as great as 10% of the total supernova energy [2] .
Since fusion in the iron core is endothermic, the electromagnetic production would have to occur in the silicon layer to contribute to the explosion mechanism through ignition of fusion.
This fusion ignition outside the collapsing core could complement or supplant the neutrinodriven explosion mechanism. However, the relation of the fusion ignition to a neutrino-driven explosion would be highly model dependent due to the inverse square relation of the radius of the production from the center of the star and the power of electromagnetic production as given in (8) . The relative significance of this contribution to the explosion could only be determined by including this effect in models of core-collapse supernova. It would also be expected that the relative significance would be highly dependent on the progenitor star which can greatly vary by mass, metallicity, and spin; as observed by Janka et al [15] , "The predicted signals of stellar explosions depend on the complex interplay of a wide variety of input physics and require knowledge of the initial condition in the progenitor stars.".
The timing of the electromagnetic production is especially critical. The gravitational wave production is very nearly coincident with accepted models of stall and shock recovery [11, 12, 15] . Because of the wide variation of initial conditions of the progenitor star and the coincidence with the stall and recovery it is not possible to determine a priori the relative importance of the electromagnetic production and other "input physics" to stellar explosion. If the initial conditions of the silicon layer of the progenitor star are comparable to the conditions of white dwarf supernova the re-ignition process would be expected to independently produce the stellar explosions. The timing of the production and fusion reignition just outside the iron core makes it difficult to ignore this mechanism in models of core-collapse supernova.
Over the past few decades simulations of CCSN have been greatly improved, but still do not "explode" often enough to be consistent with observations of CCSN [2] . The physical processes producing CCSN are theoretically described by, general relativity, neutrino energetics, nuclear physics, hydrodynamics, and electrodynamics. The simulations of corecollapse are computationally demanding and some physical assumptions and approximations must be made. One method of simplification is to exclude some of the physics of CCSN in the simulations. For example, many simulations include general relativity, neutrino energetics, nuclear physics, and hydrodynamics, but exclude electrodynamics. Including electrodynamics in the simulation can be prohibitively computationally demanding. There are three cases generally considered for numerical simulations of CCSN that include electodynamics [19, 20] .
The first is isotropic and resistive, e µ = ηj µ which is essentially the 4-vector form of the isotropic form of Ohm's Law in three vector form J = σE. Here e µ = F µν u ν is the "electric"
field of an observer co-moving with respect to the fluid. The second is inclusion of a mean field dynamo, e µ = ξb µ + ηj µ which is a generalization of Ohm's Law to include magnetic fields. Here b µ = F µν u ν is the "magnetic" field of an observer co-moving with respect to the fluid. The third and final is the ideal magnetohydrodynamic limit e µ = 0 which in 3-vector form becomes
If existing simulations of the CCSN did include more of the physics -in particular if they included gravitational wave production and full electrodynamics -the energetics associated with counterpart radiation would be realized in the simulation. However, to date, the most realistic simulations of CCSN, that include magnetohydrodynamics, impose the ideal magnetohydrodynamic limit [21] . This assumption eliminates the possibility that these simulation will take into account electromagnetic radiation, especially the counterpart produced electromagnetic radiation proposed here.
An early proposal for fusion driven explosion by re-ignition through gravitational compression of the core [22] was famously abandoned [13] because the energy produced in the "stellar layers" is insufficient. The possibility of this conventional thermonuclear mechanism producing a stellar explosion in core-collapse has been much more recently demonstrated for highly "tuned" initial conditions [23, 24] . Our first order calculation of the contribution to supernova explosion via the electromagnetic radiation produced by gravitational waves from core-collapse cannot conclusively demonstrate the significance of this phenomena in stellar explosion. However, the converse is equally clear, that models of core-collapse supernova are missing a potentially important or even critical piece of physics. Current efforts to describe astrophysical processes in core-collapse need to consider this conversion process for gravitational energy, along with the more well known mechanisms, to have reasonable confidence that all relevant physics has been considered and included in the simulations.
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